Abstract.-The mammalian scapula, like many bones, is a single structural element that serves as an attachment site for several muscles. The goal ofthis study was to determine whether the scapula evolves as an integrated unit, or as a collection of distinct parts. Shape differences among the scapulae of tree squirrels, chipmunks, and ground squirrels were described using thin-plate spline analysis. This technique produces a geometric description of shape differences that can be decomposed into a series of components ranging in scale from features that span the entire form to features that are highly localized. Shape differences among tree squirrel scapulae were found only in largescale features, indicating spatially integrated shape change. Chipmunks and ground squirrels differ from tree squirrels in several features, but shared differences reflecting divergence oftheir common ancestor were found only in the small-scale features. Divergence of ground squirrels from the common ancestor involved some large-scale changes but was dominated by small-scale changes. Divergence of chipmunks was dominated by large-scale changes. Thus, the scapula evolved as an integrated unit during some transitions but as a collection of distinct parts during others. These results suggest that evolutionary patterns of the postcranial skeleton may be as complex as the patterns that have been described for skulls and feeding mechanisms.
Ideally, dissection ofanatomy into parts would allow morphologists to predict the units of evolutionary change, the functional elements exposed to selection. In reality, this analysis is confounded by the complex network of interconnections among anatomical parts. The mammalian scapula is a typical example: it is a single bone, but at least a dozen muscles attach to it. Thus, the entire scapula could be expected to evolve as a single large unit, or the various muscle attachment areas could be expected to evolve as several smaller units.
Support for both evolutionary models can be found in previous studies of scapular shape differences. Lehman (1963) , Stein (1981) , and Taylor (1974) report that localized enlargement of specific muscle attachment areas distinguish various specialists from related generalists. Oxnard (1968) reports that several orders of mammals exhibit parallel patterns ofshape differences that reflect general factors acting on the whole scapula. The goal of my study is to determine which pattern characterizes the evolution of scapular shape in the Sciuridae.
Within the Sciuridae, chipmunks (Tamias) and ground squirrels (Spermophilus) are members of a monophyletic group derived from tree squirrels (Bryant 1945; Ellis and Maxson 1980; Emry and Thorington 1982, 1984; Hafner 1984; Hight et al. 1974; Moore 1959) . The closest relatives of the terrestrial lineage appear to be the tree squirrels ofthe conservative tribe Sciurini Burmeister, 1854, which includes Sciurus and Tamiasciurus (Hafner 1984) . The relationships of most subgenera and many species groups of terrestrial sciurids have also been resolved; figure 1 illustrates the relationships of the species used in this study and represents the combined results ofseveral studies [within tree squirrels (Hight et al. 1974; Moore 1959) , within chipmunks (Levenson et al. 1985) , and within ground squirrels (Gerber and Birney 1968; Nadler 1966) ].
All chipmunks and ground squirrels are less arboreal and more fossorial than tree squirrels (Broadbanks 1974; Elliot 1978; Jones et al. 1983; Lechleitner 1969; Woods 1980) . However, many of the nesting and foraging traits that comprise "arboreality" and "fossoriality" appear to have undergone multiple independent changes in both chipmunks and ground squirrels (Swiderski 1991a of the several transformations of scapular shape should reveal whether there is a general pattern of integrated change. The currently popular approach to analysis of integration uses multivariate statistics to identify suites of covarying distance measurements (e.g., Cheverud 1982; Gould and Garwood 1969; Riska 1986; Zelditch and Carmichael 1989) . This multivariate statistical approach can be traced to Olson and Miller (1958) , and a bivariate version can be found in Huxley's (1932) analysis of allometry. The conceptual roots lie in D'Arcy Thompson's (1917) analysis of shape change, which sought simple patterns of transformation affecting entire structures. Thompson's Cartesian grid deformations provided graphic illustration ofglobal components ofshape change but were not based on quantitative analyses. However, Bookstein and coworkers (Bookstein et al. 1985; Bookstein 1991; Zelditch et al. 1992 ) have criticized the traditional statistical analyses of distance measurements for their inability to capture the spatial organization Thompson intended to illustrate. Bookstein (1989 Bookstein ( , 1991 presents a new technique, the analysis of thin-plate splines, which produces a rigorous quantitative analysis of the spatial organization of shape change.
The analysis of thin-plate splines describes shape change by interpolating between the relative displacements of discrete points, landmarks, presumed to correspond between forms (Bookstein 1989 (Bookstein , 1991 . The specific interpolation function is a mathematical expression for the deformation of theoretically idealized thin steel plates. This function is not intended to model biological processes but is chosen because it is smooth and consistent across the entire form. Consequently, the analysis produces an exact, reproducible, and geometric description ofshape differences. In addition, the description can be decomposed into a series of geometric components. Each component is a weighted combination oflandmark displacements. (2) dorsal end of acromio-c1avicular articulation; (3) ventralend of acromio-c1avicular articulation; (4) flexure marking the boundary between acromion and metacromion; (5) ventral end of caudal margin of metacromion; (6)dorsal end ofmetacromion-spineboundary; (7)caudalend of vertebralborder, on teres fossa; (8) intersection of axillary ridge and vertebral border, between teresfossa and infraspinous fossa; (9) intersection of spine and vertebral border, between infraspinous fossa and supraspinous fossa; (10) projection ofsubscapular ridge to vertebralborder;(II) dorsal end of anterior marginal ridge; (12) transition between blade and articular process, on the cranial edge.
transformations affecting the entire form either uniformly or in monotone gradients. The other components represent a series oftransformations affecting progressively smaller regions, down to highly localized transformations affecting the immediate vicinity of only a few closely spaced points. Thus, the components of the spline capture both large-sale, integrated changes, and small-scale, localized changes (Zelditch et al. 1992) .
In this study, I use decompositions of thinplate splines to examine evolution of scapular shape in chipmunks and ground squirrels. Phylogenetic relationships are used to infer historical patterns of change in the mean shapes of each geometric component. The historical patterns are the basis of the subsequent discussion of the integration of scapular shape changes.
MATERIALS AND METHODS

Shape
Coordinates. -Twelve points on each scapula were digitized from video images ( fig. 2) . Most of the points are intersections of ridges or ends ofridges; others are corners. All points were easily identified in all specimens. These consistently recognizable points may be presumed "landmarks," points that correspond across shape changes between taxa (Bookstein et al. 1985; Bookstein 1991) . Landmarks are the points at which the biological parts are sampled (Zelditch and Bookstein ms) and the points to which explanations of shape change are anchored (Bookstein 1990) .
Scapulae are not perfectly flat, thus some information is lost or distorted in the two-dimensional representation of these three dimensional objects. In this study, I oriented each scapula with the plane defined by landmarks I, 8, and 9 parallel to the plane of focus. The distortion caused by projecting all landmarks onto this plane will have greatest effect on the landmarks of the acromion and metacromion, which are separated laterally from the blade. However, the construction of the scapula is fairly simple (two nearly flat surfaces separated by a strut), and many potential effects of changes in lateral position can be easily predicted. Tilting of the spine will produce identical antero-posterior displacements of all landmarks on the acromion and metacromion. Tilting of the acromion and metacromion will appear to produce proportionate narrowing of these structures. Changing the height of the spine will affect the apparent size ofthe acromion and metacromion relative to the blade. These "distortions" must be kept in mind when interpreting shape changes localized to the acromion and metacromion.
For each specimen, digitized landmark coordinates were transformed to shape coordinates (Bookstein et al. 1985; Tabachnick and Bookstein 1990) . Landmarks I and 9 at the ends of the scapular spine were designated end points of a baseline and assigned fixed coordinates: (0, 0) and (0, I). The result of this procedure is a new set of 10 pairs of standardized coordinates. (To preserve the dorso-ventral orientation of the scapular spine, landmarks 1 and 9 were assigned coordinates on the y-axis). The transformation takes all specimens to the same baseline orientation and length; shapes of landmark configurations are not altered. The term "shape coordinates" refers to the standardization of scale that results from designating a fixed baseline length. In this study, shape coordinates were used in the construction of mean shapes for each species. Shape coordinates were computed for all individuals, and the means of the x and y coordinates were computed for the landmarks that are not assigned to the baseline. Bookstein (1991, App. 2) and Goodall (1991) have demonstrated that construction of mean shapes depends negligibly on the choice of baseline. The particular choice of baseline is mainly for graphical convenience and plays no role in any of the analyses described below. Depictions of shape changes as displacements or deformations may appear to be expressed in an arbitrary coordinate system, but the computations actually are coordinate free. Specifically, they are Procrustes-normalized displacements, not displacements with respect to a baseline (Bookstein 1991, p. 324) .
Thin-Plate Splines. -Descriptions of differences in scapular shape among species were produced by the method of thin-plate splines. This method models shape difference as a deformation between landmarks; technical details are provided in Bookstein (1989 Bookstein ( , 1991 . The approach used in the analysis by splines can be described by a physical metaphor in which the landmarks of one form are located on an idealized thin steel plate. The relative displacements in the x and y directions, which would produce the second form, are visualized as if they were vertical displacements, along the z-axis. Some sets of z-displacements would elevate or rigidly rotate the steel plate; these represent affine transformations in which parallel lines on the twodimensional starting form remain parallel after deformation (e.g., square to parallelogram). Other sets of displacements would require bending of the steel plate, equivalent to bending of parallel lines on the starting form. Most real deformations include both an affine transformation and bending as complementary components.
Steel plates bend in a manner that minimizes, over the whole plate, both the magnitude of bending and the physical energy required to produce that bending. (Bending and bending energy are both zero for the affine component.) The formula that describes the steel plate can also be used to describe landmark displacements in a manner that minimizes the amount of localized information implied by the description (Bookstein 1991, pp. 318-319) . In the scapula, for example, narrowing at the tip of the acromion is interpreted as localized to this region only if it is not integral with changes throughout a larger region. The interpolation ofz-axis displacements between landmarks is translated back to the x.y plane, producing a picture of a two-dimensional deformation. This two-dimensional interpolation is one realization of the Cartesian grid deformations proposed by D'Arcy Thompson (1961) . (For computational reasons, the x and y displacements are analyzed separately and the two splines are combined to produce a single picture of shape changes.)
The deformation of the starting form into the final form can be decomposed into affine and nonaffine components, as implied above. The nonaffine component can be decomposed further, into a series ofprogressively more localized components. The number of these components is three fewer than the number of landmarks. The form of each component is determined by the configuration of landmarks in the starting form, and represents the canonical form, or "mode," of relative landmark displacements for shape changes at that scale oflocalization. These modal forms are called "principal warps" in reference to the bent steel plate. The contribution of change at the scale of a particular principal warp to the realized landmark displacements in the x,y plane is expressed as a vector, called a "partial warp." Thus, principal warps are geometric terms in which morphological differences can be described and partial warps are the values assigned to these terms. Figure 3 is graphical representation of the relationship between principal warp and partial warp. Figure 3A is a starting arrangement of landmarks, numbered as in figure 2. A principal warp of this configuration, localized to the ventral portion of the scapula is shown in figure 3B : the numbers in this panel are the relative z-axis displacements that will occur in the steel plate if there is a deformation at this scale. If (0.026, 0.076) is the partial warp score, figure 3C depicts the realized landmark displacements in the x.y plane, and figure 3D shows the equivalent Cartesian grid deformation.
In the analyses that follow, the principal warps are numbered in order of increasing localization or decreasing scale. Principal warp 1 (WI) is the nonaffine component oflargest scale. Comparisons. -Each species named in figure I is represented by a mean scapular shape: the ofthe tests adapted to determine the significance of differences between species (including MANOYA, from which Hotelling's P is derived), are intended to test for the effect of a particular factor (Snedecor and Cochran 1967; SYSTAT 1992) . Size and fossoriality are appropriate factors, but species is not. Systematists and morphologists cannot rely on statistical formulae to determine whether differences between species means are biologically important or phylogenetically informative.
REsULTS
Principal Warps. -The principal warps of the starting form are shown in figures 5, 6, and 7. These principal warps are geometrically orthogmeans of the shape coordinates for the 10 landmarks that are not on the baseline. Sample sizes for most species are 20 adults; the exceptions are Tamias amoenus (N = 18) and Spermophi/us spi/osoma (N = 19). All samples are drawn from museum collections and include individuals from as many geographic localities as possible, providing relatively broad representation of intraspecific variation.
All species means are described as deformations of the same starting form, the mean of the five tree squirrels representing the outgroup (fig.  4 ). This form is not used to "root" the phylogenetic analysis, nor is it treated as a hypothetical taxon representing a primitive morphology. The outgroup mean is merely a standard to which all other shapes will be compared, a reference shape that does not include prominent idiosyncratic features.
Because there is only one starting form, there will be only one set ofprincipal warps. All species will be described as partial warps of the same principal warps. Each species can be compared with every other species simply by comparing the partial warps. The distributions of partial warps ofthe nonaffine components are presented as scatter plots of their x and y values. The distribution ofloadings for the affine component is presented as a scatter plot in polar coordinates. This component ofdeformation converts a circle to an ellipse. The ratio of the ellipse's major to its minor axis is a measure ofthe amount ofaffine change, "anisotropy." The orientation ofthe major axis relative to a reference axis of the starting form indicates the direction of greatest elongation of the starting form. Anisotropy and orientation of the affine component are plotted following the advice of Bookstein (1991, p, 213) . This paper focuses on features of the mean scapular shapes of distinct species. Often statistical tests are performed to indicate that a difference between means is large enough to be worth reporting, that is, "significant." However, the tests that have been used, a t-test for single variables, or Hotelling's T2 for multivariate cases, are not appropriate for the evaluation of differences between taxonomic groups. The t-test and various multiple-group adaptations are designed to determine whether different samples represent the same population (Snedecor and Cochran 1967) . However, samples from different species are known to be from different populations; a z-test in this context measures only whether the sample sizes are sufficient to detect the difference. Many onal components of the nonaffine part of any deformation of this form. The combinations of landmark displacements indicated by these warps do not express covariances; but rather the localization of shape change by geometric region. When the affine term is included, the principal warps are a complete set offeatures for describing deformation from this starting form to any ending form. Because the principal warps are localizable geometric features, they are a particularly attractive set for analyzing the evolution ofshape.
The largest scale principal warp (WI) of the starting form reflects, as usual (Bookstein 1991) , displacement of the central landmarks relative to the dorsal and ventral ends ( fig. 5A ). Oriented in the j-direction, the partial warp would describe relative lengthening ofone end. Figure 5B shows the central landmarks moving dorsally and the landmarks at both ends moving ventrally. Such displacements shorten the dorsal halfofthe scapula and lengthen the ventral half. Figure 5C shows the same displacements in the x-direction: now, the ends move posteriorly and the center moves anteriorly.
Three of the principal warps (yV2, W5, and W8) represent transformations of the shape of the blade (fig. 6 ). The principal warp of secondlargest scale, W2, specifies coordinated displacements oflandmarks at the anterior and posterior extremes ofthe dorsal margin, with opposite displacements ofthe landmarks near the middle ( fig.  6A ). This warp also includes displacements of the extreme points on the acromion and metacromion. W5 is a much more localized warp that primarily represents a contrast between displacements of the landmarks near the middle of the dorsal margin ( fig. 6B) . W8, the most localized of these three warps, describes contrasting dis-1862 DONALD L. SWIDERSKI placements of the two landmarks on the teres fossa, at the posterior end ofthe margin ( fig. 6C) .
Deformations represented by W3 and W4 affect elongate regions centered near the neck and ventral end of the spine ( fig. 7A,B) . On W3, the center includes the dorsal edge of the acromion, whereas on W4, the center includes the posterior tip ofthe metacromion. The ends are also slightly different; and W4 covers a smaller portion ofthe blade. Both principal warps are contrasts between displacements of a center and the ends.
The remaining principal warps, W6, W7, and W9, complete the series of deformations covering progressively smaller portions of the acromion, metacromion, and ventral blade. On W6, the tips of the acromion and metacromion have parallel displacements, whereas landmarks near the acromion-metacromion boundary are displaced in the opposite direction ( fig.7C ). On both W7 and W9, the two landmarks at the tip of the acromion have opposite displacements ( fig.  7D,E) . The two landmarks on the neck and ventral end ofthe spine also have opposite displacements on these principal warps. W7 and W9 differ in the relationship of displacements at the neck and dorsal edge of the acromion: parallel in W7, opposite in W9. W7 also includes displacement ofthe landmark representing the aeromion-metacromion boundary.
Deformations.- Figure 8 presents Cartesian grid deformations (produced by TPSpline) showing scapulae of selected species as transformations of the mean tree squirrel (starting form). Grids for two tree squirrel species ( fig. 8A,D) deviate only slightly from straight lines, indicating small deformations ofthe starting form. Still, the deformed grids show that there are different patterns of deformation; the expansions and compressions of grid lines occur between different sets of landmarks. The two chipmunks ( fig.  8B ,E) may share some features, but the deformation of Tamias striatus lacks the dramatic tilt of the horizontal lines shown in the deformation of Ta. rufus. The deformations ofthe two ground squirrels appear to be even more similar, differing primarily in the magnitude of change ( fig.  8C,F) . These six deformations and those for the other 10 species were decomposed into their affine and partial warp components specifically to identify groups of species that share features of mean scapular shape. Scatter plots of the loadings for each component are examined for gaps between taxonomic groups and for historical patterns reflecting the transition from arboreal to fossorial habits.
The affine component makes little contribution to morphological change except in chipmunks ( fig. 9) . Anisotropy values are quite small for tree squirrels, even the largest tree squirrel anisotropy represents a barely perceptible shape change ( fig. lOA) . The anisotropies of most ground squirrels are only slightly larger, and that of one ground squirrel is well within the tree squirrel range. Directions of affine deformation vary widely in tree squirrels and ground squirrels, and the only species that share a common direction are two distantly related ground squirrels, Spermophilus lateralis and Sp. spilosoma. In contrast, only one chipmunk, Ta. striatus, has a small affine transformation that falls within the ground squirrel range. The other chipmunks, representing the subgenus Neotamias, have much larger affine deformations, and all of them are oriented in the antero-dorsal direction. This component of shape change makes a substantial contribution to the distinctness of Neotamias scapulae ( fig. lOB) .
The bending component of largest scale, WI, also contributes little to the deformations ofmost tree squirrel and ground squirrel scapulae ( fig.  11, WI) . Even in Sciurus carolinensis, the tree squirrel with the largest loading for this component, the shape changes are fairly subtle: the central landmarks are displaced dorsally, compressing the dorsal end ofthe scapula and stretching the ventral end ( fig. l2A) . One ground squirrel, Sp. spilosoma has the opposite transformation. The other ground squirrels have deformations in the same range as tree squirrels. Most chipmunks have relatively large loadings in the -x direction. This pattern primarily represents narrowing of the supraspinous fossa with extension of the acromion ( fig. l2B ). This component separates most chipmunks from ground squirrels, but one chipmunk, Ta. rufus, is clearly within the ground squirrel range. Also, Ta. striatus is near the center of the Neotamias distribution. The loadings for tree squirrels on W2 are more diverse than the loadings on WI; only one species has a shape close to the starting form ( fig. II) . Changes represented by W2 also differentiate chipmunks from ground squirrels. Although neither group has diverged far from tree squirrels, they have diverged in different directions. Chipmunks have +y loadings reflecting dorso-ventral compression of the supraspinous fossa with tilting of the acromion and lower metacromion ( fig.  13A ). Ground squirrels have the opposite transformation, and a particularly large -y loading distinguishes Sp. tridecemlineatus from the others. Chipmunks and ground squirrels both have broad ranges of +x loadings that reflect anteroposterior compression of the dorsal end of the blade ( fig. l3B) . The combination oflarge x and small y loading on W2 distinguishes Ta. striatus from Neotamias. Thus, changes represented by this warp contribute to diversity oftree squirrels, to divergence ofchipmunks and ground squirrels from tree squirrels, and to divergence of chipmunk subgenera.
The diversity ofloadings for tree squirrels and ground squirrels on W3 is relatively low, comparable to the diversity of their WI loadings ( fig.   II, W3 ). The diversity of chipmunks is even lower, but more importantly, their shared divergence from tree squirrels is readily apparent. All chipmunks, including Ta. striatus, are characterized by dorso-ventral compression of the acromion and ventral metacromion ( fig. 14A ). In contrast, these structures tend to be expanded along the antero-posterior axis in ground squirrels ( fig. 14B ), although some ground squirrels retain shapes that are very similar to tree squirrels. An unusual deformation that combines relatively large expansions in both antero-posterior and dorso-ventral directions characterizes Sp. spilosoma and Sp. tridecemlineatus, the two ground squirrels representing the subgenus /ctidomys.
The distribution of loadings on W4 suggests that evolution of this feature in chipmunks and ground squirrels extends a linear trend found in tree squirrels ( fig. II, W4) . However, the deformations of the tree squirrels at the two extremes are trivial; these two species have virtually the same shape for this feature ( fig. ISA,B) . Ground squirrels have somewhat larger loadings on W4, but the loadings of most ground squirrels still represent rather small deformations similar to that of Sp. tridecemlineatus ( fig. I5C ). The exception is Sp. spilosoma, which has a much larger transformation along the same trend ( fig. l5D ). Among chipmunks, Ta. striatus and Ta. ruficaudus have loadings similar to Sp. tridecemlineatus; the other three species are more similar to Sp. spilosoma. Thus, changes in the feature contribute primarily to diversity within chipmunks. Changes in W5 contribute primarily to diversity within ground squirrels. Even the largest tree squirrel loading represents a minute shape change ( fig. l6A ). Transformations this small probably do not meaningfully affect scapular shape or function, they are likely obscured by the contributions ofother warps. Most chipmunk loadings also represent negligible change. The exception is a noticeable narrowing at the dorsal end of the supraspinous fossa in Ta. rufus (fig. l6B ). Only two ground squirrels have small loadings indicating virtually no divergence from tree squirrels in this feature; the other four species have more substantial transformations. One species, Sp. columbianus. is characterized by a unique broadening of the dorsal end of the supraspinous fossa ( fig. 16C ). The other large transformation, found in Sp. lateralis, Sp. spilosoma, and Sp. tridecemlineatus, increases the dorso-ventral extent ofthe supraspinous fossa ( fig. 16D ).
Low loadings on W6 for tree squirrels indicate that there is no appreciable variation at this scale in tree squirrels ( fig. 11, W6 ). Loadings for all chipmunks indicate a wide metacromion with a short and thin acromion, relative to the starting form ( fig. 17A ). The small variation in their loadings should not be interpreted to mean these structures are exactly the same shape in all chipmunks. Rather, these loadings indicate similar deviations from the starting form only after ac- counting for the different deformations of the larger scale components (affine, W2, and W4). Consequently, this feature is clearly evident only in the total deformation of Ta. striatus ( fig. 8 ).
Ground squirrels have larger W6 transformations ( fig. 17B ) and relatively less diversity in the larger scale features. Consequently, the deformations of W6 contribute substantially to total deformations ofthe ground squirrels ( fig. 8) Loadings on W8 also span a small range ( fig.  II, W8 ), but there is a tendency for loadings on this warp to differentiate between tree squirrels and terrestrial sciurids. Ground squirrels and chipmunks all share reduction of the teres fossa ( fig. 18) . However, the teres fossa also is reduced in one of the tree squirrels, so the two groups are not completely separate.
The distribution of loadings on the most localized warp ( fig. II, W9 ) is similar to the distribution of loadings on W6. Diversity within each of the three main groups is small, but gaps between groups are substantial and Ictidomys is distinct from other ground squirrels. In tree squirrels, the transformations ofmost species are trivial compared with the contributions of other warps. The exception is the transformation in Tamiasciurus hudsonicus, which is similar to that found in chipmunks. This transformation involves tapering and ventral displacement of the acromion with narrowing of the neck ( fig. 19A ). Ground squirrel loadings on W9 indicate a much larger dorso-ventral component, especially in Ictidomys. The large transformations in this subgenus also include noticeable tilting of the acromion tip ( fig. 19B) , which rotates the acromioclavicular articulation counter to the rotation of the whole acromion represented by W6. Thus, the acromio-clavicular articulation surface is maintained in a relatively stable orientation through the dramatic changes of the acromion's position and orientation.
DISCUSSION
All 16 species were compared with one starting form, so that all 16 could be described using a single set ofterms, a single set ofprincipal warps. For an evolutionary study, the most convenient 1868 DONALD L. SWIDERSKI starting form would be the ancestral morphology. The partial warps scores would represent net divergence from the ancestor (net because the evolutionary path may not have been linear). Outgroups can be instrumental for inferring ancestral states, but outgroups may also have derived features that can be recognized only after a phylogenetic analysis (Maddison et al. 1984) . However, the outgroups in this study, the tree squirrels, are members ofa lineage that has been described as .morphologically uniform (Hershkovitz 1969; Moore 1959; Musser 1968 ) and ex- tremely primitive (Emry and Thorington 1984) . Therefore, I used the mean scapular shape ofthe tree squirrels as a reference shape that might approximate the ancestral shape. For each species, the entire set of 10 pairs of loadings (for the affine component and the nine warps) completely describes the reconfiguration of landmarks relative to the starting form. The separation of groups evident in these loadings would be detected equally well by any other complete set of morphological descriptors. The advantage ofthis particular set ofdescriptors is that they are readily interpreted as transformations ofgeometric regions ofanatomical structures. parison ofpartial warp loadings revealed a much more complex picture ofscapular evolution than was suggested by previous morphometric studies. Leamy and Atchley (1984) and Oxnard (1968) both suggested that the scapula will evolve as a single integrated unit, along a single trajectory. In thin-plate spline analyses, spatially integrated change is represented by components ofthe larger scales, the affine and the first few nonaffine (Zelditch et al. 1992 ). These components represent shape features that span all or most of the scapula. In tree squirrels, to the extent that scapular shape changes at all, the changes are reported as large scale features (WI, W2, and W3). In chipmunks, there is divergence from tree squirrels reported on the three largest scale partial warps, but the shape changes are not limited to large scale features. Diversification within chipmunks is found at small scales, as well. Scapular shape changes in ground squirrels also occur at both large and small scales. In fact, chipmunks and ground squirrels share several small scale divergences from tree squirrels. Clearly, scapular shape evolution in sciurids is not limited to spatially integrated transformations. (Donoghue 1989; Bjorklund 1991) . Tests for constant proportionality can be considered after historical coordination has been demonstrated. Examination of the scatter plots of the partial warps reveals only two features with similar distributions. Both plots suggest that there may have been a small shape change in the common ancestor of chipmunks and ground squirrels, and that later changes in a different direction separated ground squirrels from the common ancestor and Ictidomys from the other ground squirrels. This is the only evidence ofhistorical coordination ofscapular shape changes in sciurids. Leamy and Atchley (1984) and Oxnard (1968) also suggested that scapular shape changes will reflect functional shifts. However, the preceding discussion of scapular shape changes indicates that there are nine historical patterns for 10 shape features. None ofthese patterns is associated with the evolution offossoriality. No feature exhibits parallel transformations in chipmunks and ground squirrels that separate the highly fossorial species (Tamias striatus and Ta. minimus; Spermophilus columbianus and Sp. tridecemlineatus) from less fossorial species. These results do not mean that scapular shape is not influenced by function; but the variety ofpatterns does indicate that no one factor has a strong effect. This is not the first study to show that a seemingly cohesive skeletal structure has not evolved as an integrated unit. Van der Klaauw (1948 -1952 and Dullemeijer (1958) demonstrated that the skull evolves as though it contains several discrete units, and even the bones that comprise the skull do not always evolve as single elements. Their observations and theories provided the basis for Moss's functional matrix theory of skull evolution (Moss 1962; Moss and Saletijn 1969) . Dullemeijer also argued that changes in the functional relationships of skull bones (e.g., changes in their mechanical connections to other bones or to associated soft parts) would result in changes in the historical associations of evolutionary changes. Indeed, dramatic changes in the evolutionary patterns of fish feeding mechanisms have been attributed to changes in the mechanicallinkages among the bones (Liem 1973 (Liem , 1980 ; Schaefer and Lauder 1986; Sanford and Lauder 1989) .
More unusual are comparable studies of coordinated evolution in the postcranial skeleton (e.g., Emerson 1988; Swiderski 1991 b) . The lack of examples prompted discussants at a recent Dahlem conference to remark on the conservatism of the postcranial skeleton relative to the skull and jaws (Lauder et aI. 1989 ). This remark is based, in part, on the perceived stability of bone-bone articulations in vertebrate limbs. Linkages between bones are hypothesized to predict correlated transformations of the linked bones (Lauder 1981; Emerson 1988 ). Thus, because the femur always articulates with the pelvis, transformations of the femur and pelvis should always be coordinated. However, if each bone is composed of several independently evolving regions, their articulation may predict only which regions of the bones are correlated. Changes in the locations of the articulation, or in the positions of muscle or ligament attachments could produce new suites of coordinated shape changes. The complexity of postcranial skeletal evolution could be much greater than is generally appreciated.
The analysis of sciurid scapulae also demonstrates the utility of thin-plate splines for studies of morphological transformations. The regionalization of the warps-that is, their ability to localize changes to distinct geographic regions of a starting form-is not just aesthetically attractive. By recourse to their geometry, shape change can be decomposed into biologically meaningful components. In addition, reference to the starting form facilitates phylogenetic analysis.
